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SCREENING FOR ATAXIA-TELANGIECTASIA MUTATIONS IN A
POPULATION-BASED SAMPLE OF WOMEN WITH EARLY-ONSET

BREAST CANCER: ANNUAL REPORT, SEPT. 1998

Sharon N. Teraoka, Kathleen E. Malone, Elaine A. Ostrander, Suna Onengut,
Aslihan Tolun, Janet R. Daling, and Patrick Concannon

Virginia Mason Research Center and Fred Hutchinson
Cancer Research Center

Seattle, WA 98101, and Bogazici University, Bebek, Istanbul

Introduction

Note that new or revised passages are indicated by borderlines.

Epidemiological studies estimate that 5-10% of all breast cancer cases
and 25% of cases diagnosed before age 30 occur in individuals who are
genetically predisposed (1). Although mutations in the genes BRCA1 and
BRCA2 were once thought to account for 90% of this genetic susceptibility (2),
recent studies have detected fewer mutations in these two genes than expected
in families with high breast cancer incidence (3,4,5,6) in early-onset breast
cancer cases (7,8) and in general populations (9,10). Therefore, other
susceptibility genes should be considered. Heterozygosity in the gene for ataxia-
telangiectasia (AT), a rare, autosomal recessive disorder, has been suggested
as a genetic risk factor for breast cancer (11). AT homozygotes are
characterized by progressive cerebellar ataxia and oculocutaneous
telangiectases (dilated blood vessels), a 60-180 fold increased incidence of
cancer, hypersensitivity to ionizing radiation and radiomimetic chemicals,
chromosomal instability, immunodeficiency, elevated levels of serum alpha-
fetoprotein, premature aging, developmental defects in various organ systems
and a median age of death less than 20 years (reviewed by Gatti (12)). Cultured
fibroblasts from AT affected individuals exhibit a characteristic phenotype. AT
cells have decreased viability after exposure to ionizing radiation and exhibit
radioresistant DNA synthesis (RDS), an inability to shut down DNA synthesis
after x-ray exposure, suggesting defects in cell cycle control.

Although AT is rare, AT carriers are thought to be relatively common,
estimated in epidemiological studies to be as much as 1.4% of the general
population (13) and from a control population in a mutation screening study to
be 1% of the general population (14). AT carriers display a heightened
sensitivity to ionizing radiation intermediate to that of AT homozygotes and
controls (15,16), suggesting a possible link between radiation exposure and
genetic susceptibility to breast cancer mediated by the AT gene. Data from
several epidemiological studies mentioned in the original proposal
(11,13,17,18,19) were pooled, showing that AT heterozyotes have an
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increased risk for breast cancer of 3.9 (20). More recently, a study of cancer
incidence in 750 blood relatives in 99 AT families confirmed a statistically
significant increase in breast cancer, with an estimated risk of 3.8, among AT
carriers identified by genotyping with dinucleotide repeat markers in and
around the AT gene (21).

The AT gene, ATM, was discovered in 1995 (22,23) and is a member of
the phosphatidylinositol-3 kinase (PI-3 kinase) family by virtue of significant
sequence homology in the carboxy-terminal tenth of the protein (-350 amino
acids) to the catalytic domain of PI-3 kinases. ATM, therefore, plays a role in
detection of DNA damage and control of cell cycle progression. Interestingly,
BRCA1 and BRCA2 have now been shown to be involved in the response to
DNA damage (reviewed by Marx (24)).

The cloning and identification of the AT gene enables us to test directly
the hypothesis that a mutated AT allele is a genetic risk factor for breast
cancer, by screening for ATM mutations in patients with early-onset breast
cancer. We are screening for ATM mutations in patients derived from a large
population-based, case-control study of primary breast cancer diagnosed from
1983-90 in white women born after 1944 who were residents of three counties
in Western Washington at the time of diagnosis. This case/control study was
conducted by the Epidemiology Program at the Fred Hutchinson Cancer
Research Center.

We delineated the exon/intron structure of the 5.9 kb cDNA portion of
ATM published initially (22) and synthesized primers to amplify each of the
exons. Dr. Yosef Shiloh generously provided us with the then unpublished
sequences of the intron/exon boundaries for the remaining 5' half of the ATM
cDNA (-10 kb full length), enabling us to design primers to amplify the
remaining exons and obviating the need for task 1 of the first technical
objective in the Statement of Work. The genomic organization of ATM has now
been published, describing the large, 146 kilobase gene consisting of 66 exons
(25, 26). Many laboratories have contributed to a growing list of AT mutations.
The 115 AT mutations that have been published were reviewed by Concannon
and Gatti in 1997(27). Since 68% of these mutations are unique and are
distributed across the length of the coding region, any study screening for
mutations in ATM must screen all exons. Gilad et al. reported that 89% of the
AT mutations they identified are null mutations, expected to inactivate the ATM
protein by truncation, incorrect initiation or termination, or large deletion (28).
However, from the published list of mutations only one mutation has been
identified for many of the AT compound heterozygotes, suggesting that
missense mutations that are more difficult to detect may exist. In addition,
some of the earlier reports of AT mutations catalogued many exon skipping
mutations, but did not describe the underlying genomic mutation. Some of the
the skipped exons may be due to alternative splicing that occurs in normal
controls as well as AT patients. Our study analyzes intron/exon boundaries for
possible splicing mutations and attempts to detect single nucleotide variations.
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Since 1997, many additional ATM mutations have been published and
logged into ATM mutation database websites
http://www.vmmc.org/vmrc/atmpat.txt and
http://www.uwcm.ac.uk/uwcm/mg/hgmdO.html. Seventeen missense mutations
are listed in the former as of Sept. 9, 1998. Furthermore, missense mutations
were more prevalent than truncation mutations among ATM mutations found in
T cell leukemia (T-PLL) patients (29, 30) and ATM missense mutations were
found in British AT patients who developed breast cancer, leukemia, or
lymphoma (31). These data underscore the need to screen for single
nucleotide changes in ATM in breast cancer patients.

We are screening for ATM mutations in the early-onset breast cancer
genomic DNAs by SSCP (single strand conformation polymorphism) analysis
of the 62 coding exons amplified by PCR (polymerase chain reaction). We
have increased the efficiency of screening by devising multiplex PCR reactions
combining up to four exons at a time and running up to 8 exons on a single
SSCP gel. Two different gel conditions, MDE and MDE with 5% glycerol, were
used to improve detection of single nucleotide differences. Variants detected
by SSCP were confirmed by automated sequencing. Variants were checked
against age-matched controls to assess the likelihood that the variants are
mutations rather than polymorphisms.

We proposed initially to screen 80 early-onset breast cancer cases and
an equivalent number of age-matched controls for which DNA was already
purified and screened for BRCA1 mutations (7). We are expanding the study
as more samples become available. We completed screening the genomic
DNA of 87 early-onset breast cancer cases in the first year and an additional
55 in the second year and have found no null mutations in the ATM gene.
However, we have detected 5 types of putative missense mutations in exons 8,
15, 30, 62, and 65 and one possible splice mutation in intron 54. Currently,
there is no functional assay available to assess the significance of these single
amino acid substitutions. However, two of the substitutions occur in regions of
the ATM gene of possible functional significance. In addition, the putative
mutation in exon 15 corresponds to one of three amino acids altered in an AT
patient. We have detected this putative missense mutation in 6 breast cancer
patients and in only one control. We have also detected common
polymorphisms or rare variants described previously in a studies of Swedish
breast cancer patients (32, 33) and rare variants not previously described,
some of which may be mutations.

ATM heterozygosity at particular sites, such as exon 15, 2119, appear to
play a role in early-onset breast cancer. However, the numbers screened to
date are still relatively small, and further screening is necessary to establish the
statistical significance of the observed ATM variants. If we can increase
screening efficiency, we will continue to expand the numbers of breast cancer
cases and controls to be screened. Assessment of the prevalence of ATM
mutations in breast cancer patients and controls has implications for increasing
our understanding of the diagnosis and treatment of breast cancer, given the
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estimated frequency of AT carriers and their possible hypersensitivity to
standard therapeutic doses of radiation.

Materials and Methods

Breast Cancer Patient Population. Dr. Janet Daling, Kathleen Malone and
colleagues of the Epidemiology Program at the Fred Hutchinson Cancer
Research Center have collected blood samples and conducted detailed
interviews for a large population-based study of early-onset breast cancer. As a
result of previous and current studies, they have recruited a cohort of over 1400
women with breast cancer as well as an equivalent panel of matched controls.
The cohort includes cases of primary invasive breast cancer diagnosed in a 3
county area of Washington between Jan. 1, 1983 and Apr. 30, 1990 among
women born after 1944 and additional cases diagnosed between May 1, 1990
and Dec. 31, 1992 among women under the age of 45. Controls were randomly
ascertained and frequency age-matched. Structured interviews of the individuals
provided information on reproductive history, contraceptive practices, lifestyle,
medical history, basic demographic information, and family history of cancer.
Blood samples were collected from 811 cases and blood samples from a
comparable number of controls are currently being collected. For our initial
studies, Dr. Elaine Ostrander has provided the DNA she has extracted from
samples of early-onset breast cancer patients (diagnosed under the age of 35)
enrolled in Dr. Daling's study.

Single Strand Conformation Polymorphism (SSCP) Analysis. ATM exons were
amplified from 50 ng genomic DNA of each of the study subjects.
Oligonucleotide primers used to amplify the exons, including -50 nucleotides of
intron sequences flanking the exons on both sides, are listed in Table 1. Any
exons containing variants were given priority when screening control individuals.
PCR reactions contained 200 micromolar dCTP, dGTP, dTTP, 20 micromolar
dATP, 3 micromolar each primer, .5 microcuries 33P-dATP (Amersham), 1.25
units Hot Tub polymerase (Amersham), Amplitaq (Perkin-Elmer) or Taq DNA
polymerase (Boehringer Mannheim), and 1X corresponding reaction buffer in a
total volume of 50 microliters. Initially, exons were amplified one at a time, but in
order to increase throughput, most exons were combined in PCR reactions
amplifying 3 or 4 exons at once. In these multiplex PCR reactions, primer
concentration was reduced as much as one half per primer and 33P-dATP
increased to .1 microcuries, but all other ingredients and volumes were kept
identical to the single exon reactions. SSCP analysis was modified from Orita et
al. (34). After denaturing 5 min. at 940C, PCR was carried out for 35 cycles of
940C, 30 s, 540C, 30 s, 720 C, 1 min. For high throughput, some PCR reactions
were carried out in V bottom microtiter dishes in a twin block Ericomp plate PCR
machine. Ericomp tube PCR machines and MJ Research PCR machines were
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also utilized. Samples were denatured and separated on MDE (FMC) gels with
or without 10% or 5% glycerol.

Direct Sequencing of PCR Products. Highly specific (single band), high yield
PCR products were purified on QlAquik Spin PCR Purification kit (Qiagen) or
High Pure PCR Product Purification kit (Boehringer Mannheim). 5-10 microliters
of PCR product served as template in reactions using the Taq DyeDeoxy
terminator cycle sequencing kit (ABI). Unincorporated DyeDeoxy terminators
were removed using Centri-sep columns (Princeton Separations). Sequencing
reactions were analyzed on an ABI 373A sequencer.

Results

One hundred forty two early-onset breast cancer cases collected in
western Washington were screened -30 at a time for mutations in the 62
coding exons of ATM. Eighty two age-matched controls were also screened.
For most of the exons that contained variants, additional controls were
screened so that a comparable number of cases and controls were screened.
Nucleotide numbering is based on the sequence reported by Savitsky et al.
(23) with position 1 representing the first nucleotide of the start codon, and
variants are named in accordance with the convention of Beaudet and Tsui
(35), modified by Antonarakis
(http://ariel.ucs.unimelb.edu.au:80/-cotton/antonara.htm). Exons are
numbered in accordance with Uziel et al. (26). The results of the SSCP
analysis are listed in Table 2 and an example of a multiplex SSCP analysis is
shown in Figure 1. No truncation or deletion mutations were detected.
However, at least 5 types of putative missense mutations and one putative
splicing mutation were discovered in the breast cancer cases.

Six breast cancer patients have a T>C change at position 2119 of exon
15, leading to a serine to proline change at codon 707. Figure 2 shows the
SSCP pattern of the variant band in three of the breast cancer cases. This
non-conservative substitution is also part of a mutation,
705tyrosine>phenylalanine, 706serine>isoleucine, 707serine>proline, found in
a Swedish AT patient (33). The 2119T>C variant occurred only once in 142
controls screened.

Two breast cancer patients have single amino acid substitutions in
regions of ATM of possible functional significance. Figure 3 depicts the
4158C>T nucleotide substitution in patient 2-11 that codes for a serine to
leucine change at codon 1383, just after a proline-rich motif recently identified
as a SH3 binding site (36). ATM has been shown to interact with c-abl
oncogene, which has an SH3 domain, and to kinase c-abl in fibroblasts that
have been irradiated (36,37). Patient 2-16 has an arginine to glycine change at
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codon 2912, in a highly conserved segment of the PI-3 kinase domain. Neither
of these variants has been seen in 111 controls.

Other putative missense mutations occur in regions of ATM where the
function is less well understood; exon 8, 609C>A, which changes aspartic acid
to glutamic acid, and exon 65, 9031A>G, which changes methionine to valine
(Figure 4). Neither of these variants has been seen in 113 controls.

The putative splicing mutation IVS54+8A>G, creates a potential new
splice donor site 6 nucleotides after the canonical GT splice donor.

Another non-conservative amino acid substitution was found in two
breast cancer cases: aspartic acid to valine at codon 1853 due to a single
base change, 5558A>T. However, the substitution also occurs in 3 out of 183
controls. We have also detected a common polymorphism previously
described by others (33,38) at the neighboring nucleotide 5557 where a single
base change from G to A leads to codon 1853 changing from aspartic acid to
asparagine. In our study population there was no significant difference
between the frequencies of the two alleles in breast cancer cases vs. controls.
The frequencies were .12/.88, A/G in breast cancer cases (158 chromosomes
screened) and .15/.85, A/G in controls (236 chromosomes screened).
However, a preliminary report from Izatt et al. (38) finds 36% of a small sample
(25 patients) of early onset breast cancer cases (<40 at diagnosis), including
some who suffered late radiotherapy reactions have the 1853 aspartic acid to
asparagine substitution. At this time it is unclear whether either substitution at
codon 1853 plays a role in breast cancer susceptibility. In fact we found one
breast cancer case with both an asparagine allele and valine allele at codon
1853. It is unclear whether the absence of aspartic acid at codon 1853 is
significant.

We detected several rare variants of ATM among our panel of early-
onset breast cancer cases. Some of these were reported earlier by others
(33), including exon 19 2572T>C (858F>L) and exon 36 5071A>C (1691S>R).
These variants are unlikely to be mutations because they were found in
controls at similar frequencies. On the other hand, 5071A>C has also been
reported as a mutation (31). One notable intron variant is IVS16+22A>C,
+34A>C, with substitutions at two different nucleotide positions (Figure 4D).
Though far from the consensus splice site, it occurs in two breast cancer cases
with a family history of breast cancer and has not been seen in controls. Other
rare variants listed in Table 2 lead to conservative substitutions or do not result
in amino acid substitutions at all. Four other rare variants found in intron
sequences are unlikely to be mutations because they are outside of known
splicing consensus sites. However, in light of recent studies suggesting
sequence variation in introns and exons distant from known splice consensus
sequences can greatly influence correct splicing (39), and preliminary evidence
of ATM missense mutations involved in T-cell prolymphocytic leukemia (29,
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30), the rare variants found in breast cancer patients cannot be ruled out as
mutations.

During the course of our SSCP analysis, we also came across common
polymorphisms in ATM exons (or introns) 4, 12, 18, 23, 26, and the
aforementioned exon 39. Analysis of exon 39 by SSCP is complicated by the
presence of 3 different rare variants in the neighboring intron 38 (data not
shown).

Most of the ATM variants listed in Table 2 are single nucleotide
differences. We found that adding 5% glycerol to the MDE gel matrix greatly
improves resolution of single nucleotide changes in most cases and that 5%
glycerol resolves as well as 10% glycerol with the advantage of slightly faster
gel running time and ease of handling. In many cases, the variant band is
detected in the glycerol MDE gel, but not the non-glycerol MDE gel. However,
we believe the non-glycerol MDE gel is still necessary, since a few of the
variants are better resolved in the non-glycerol gel and often, the greater
separation between the variant and wild type bands allows cleaner physical
isolation of the variant band from the gel for subsequent sequence analysis.
Figure 1 shows one variant detected more easily in 5% glycerol MDE and
another variant detected more easily in non-glycerol MDE.

Because of the large scale of the ATM screening project, we attempted
to combine primers for several different exons in the same PCR amplification
reaction. For ATM, although the relative uniformity of exon size from -200-350
bp is optimal for SSCP variant detection, the similarity of size is a disadvantage
for multiplexing. In practice, 4 exons at once was the upper limit. Table 3 lists
many groups of ATM exons that are compatible for multiplex SSCP analysis.

Discussion

We have accomplished technical objectives 1-4 of the Statement of
Work of our research proposal, originally projected to take up to 18 months.
One major factor expediting our work was that technical objective 1, task 1,
determining the exon/intron structure of the 5' portion of ATM, became
unnecesary when Dr. Yossi Shiloh provided that information prior to
publication. In addition, technical improvements such as multiplexing of SSCP
reactions sped the screening process, allowing us to finish technical objectives
3-4; screening for ATM variants in 80 early-onset breast cancer patients and
verifying any SSCP variants by direct sequencing of PCR products. We have
completed technical objective 5, task 1, screening for specific ATM variants in
80 controls. Studies of ATM protein function in this and other laboratories has
been hampered by difficulty in reproducibly expressing the large and unstable
protein in cell culture. Therefore we are continuing to work on task 2, assessing
the functional significance of some of the putative missense mutations we have
discovered in the breast cancer cases, originally projected for completion by 24
months.
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We have not begun task 3, comparing case histories of AT carriers and
controls for prior exposure to radiation. With our collaborators, we have
decided to wait until the screening is completed to reveal the case histories of
the cases and controls so as not to bias SSCP data interpretation. Further,
DNA samples to be screened in the future will not be identified in terms of
disease status until after screening for ATM mutations is completed.

In the next year we will extend our analysis to an additional 245 breast
cancer patients. Although we originally proposed to screen in control DNAs
only those ATM exons in which variants had been discovered in breast cancer
cases, increases in the efficiency of our screening procedure will now allow us
to screen all the exons in order to establish the frequency of AT carriers in this
population. We will attempt to screen comparable numbers of cases and
controls.

Many other laboratories have undertaken studies similar to ours
screening breast cancer patients for ATM mutations. Some of these focus on
early-onset breast cancer cases or breast cancer patients from families with
high cancer incidence, and others on breast cancer patients with prior
exposure to ionizing radiation or hypersensitivity to radiation therapy. Most of
the published reports found no evidence of definitive ATM mutations in the
breast cancer cases or found no significant increase in ATM mutations
compared to controls. Vorechovsky et al. first analyzed 38 breast tumors for
ATM mutations by SSCP of both cDNA and genomic DNA and found no
mutations (32). Next, genomic DNA from 88 breast cancer patients from
Swedish cancer prone families was analyzed by SSCP and 3 ATM mutations
were identified (33). However, the AT alleles did not cosegregate with tumors
in these cancer families. As the authors mention, although this doesn't rule out
ATM as a breast cancer susceptibility gene, larger studies are required to
establish statistical evidence.

The largest study we are aware of asking whether ATM heterozygosity
is a genetic risk factor for early-onset breast cancer was published by
Fitzgerald et al. (14). Analysis of 400 breast cancer patients and 200 age-
matched controls from the Boston area showed no evidence that ATM
heterozygosity confers predisposition to early-onset breast cancer. However,
in an accompanying editorial, Bishop and Hopper contend that the number of
individuals tested is still not large enough to exclude a role for ATM in breast
cancer susceptibility (40). They applaud Fitzgerald et al.'s study as well as
Athma et al.'s study showing AT carriers in AT families are at increased risk of
breast cancer (21) and note that conclusions will eventually become clear from
identifying consistencies from a number of studies or from large-scale
population-based studies. Our study will contribute toward this pool of data.

Furthermore, Fitzgerald et al. utilized the protein truncation assay (PTT)
based on in vitro reverse transcription of mRNA coupled with translation,
assuming that 90% of ATM mutations in AT patients are chain terminating
mutations. Protein truncation mutants may be overestimated due to a
combination of greater difficulty in detecting missense mutations and the
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probability that some exon skipping mutations for which the genomic mutations
were not reported may be alternative splice products rather than actual mutant
transcripts. Further, estimates of 80-90% truncation mutations (21) are
calculated from samples drawn from multiple populations some of which are
inbred or show founder effects. A better comparison for our study in the U.S.
would be a recent survey of British AT patients that found only 71% of
mutations were truncations (31).

Also, it is unknown whether ATM mutations that might play a role in
breast cancer susceptibility would be the same type of mutations that lead to
AT. Preliminary evidence from analysis of tumor DNA from patients with
sporadic T cell prolymphocytic leukemia (T-PLL), shows a high frequency of
mostly missense ATM mutations clustered in the PI-3 kinase domain (29). ATM
missense mutations were found in British AT patients who developed breast
cancer, leukemia, or lymphoma (31). Our preliminary results indicate ATM
missense mutations may be involved in early-onset breast cancer in a Western
Washington population.

Although we have detected no null mutations in our early-onset breast
cancer population, five putative missense mutations and other rare variants
require further investigation. The identification of missense mutations in the PI-
3 kinase domain of ATM in T-PLL patients and the report of an AT patient with
a missense mutation, 871 1A>G, 2904Glu>Gly in the kinase domain (28)
support the possibility that the ATM variant we detected in breast cancer
patient 2-16, 8734A>G, 2912 Arg>Gly, is a mutation that disables the PI-3
kinase function of ATM. Currently c-abl oncogene is the only known target of
the ATM kinase. The ATM variant 4158C>T, 1383 Ser>Leu in breast cancer
patient 2-11 might affect the binding of c-abl to ATM since codon 1383 follows
the 10 amino acid SH3 binding motif shown to bind in vivo and in vitro to c-abl
(36). Baskaran and colleagues demonstrated that mouse embryonic
fibroblasts derived from the ATM knockout mouse are defective for radiation
induced activation of c-abl (37). If the ATM variant in patient 2-11 disrupts
binding to c-abl and radiation induced activation of c-abl is disrupted, the
cellular response to DNA damage may be affected.

Conclusions

One of ATM's functions appears to be a response to cellular damage
caused by ionizing radiation. Exposure to occupational and fluoroscopic
diagnostic radiation radiation and exposure to large doses of radiation such as
in atomic bomb survivors and women with repeated fluoroscopy are risk factors
for breast cancer (17, 41,42). The radiosensitivity of AT heterozygotes could
put them at risk from standard diagnostic or occupational radiation exposures.
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The ATM gene possibly initiates the pathway through which cells deal with the
environmental risk for breast cancer, ionizing radiation.

Recent evidence suggests that BRCA1 and 2 participate in the cellular
response to DNA damage via radiation as does ATM, giving us further reason to
consider ATM as a third breast cancer susceptibility gene. BRCA1 has been
shown to bind to the known repair protein RAD51 and both co-localize to nuclear
foci in mitotic and meiotic cells (43). ATM, BRCA1, and RAD51 bind to
synaptonemal complexes of chromosomes during meiosis; BRCA1 and RAD 51
binding predominantly to asynapsed portions of chromosomes (43) while ATM
binds to synapsed portions (45). BRCA2 was also shown to bind to RAD51(45).
Furthermore, although mice with inactivated BRCA2 are arrested at day 6.5 of
development, Sharan et al. harvested trophoblast cells from these mice and
showed they were extremely radiation sensitive (45). Three groups reported the
consequences of targeted disruption of ATM in mice, generally, a recapitulation
of the AT phenotype, except that ataxia was not pronounced (46, 47, 48). Mice
with BRCA1 or 2 disrupted were arrested early in embryonic development (49,
45, 50). However, some mice with mutated BRCA2 survived and had
phenotypes which greatly resembled those of mice with ATM inactivated(50).
The similarities in function and localization suggest BRCA1, BRCA2 and ATM
may be involved in the same pathways of the response to DNA damage, albeit at
different steps.

Fitzgerald et al. are the first to report a frequency of AT heterozygotes in
a population based on screening of the ATM gene (14). Though the total
number screened is relatively small (200 individuals), and the PTT assay
utilized may underestimate the number of AT mutations, the reported AT carrier
frequency of 1% agrees with estimates from previous epidemiological studies
(11, 17, 20) and supports estimates that 4-18% of all breast cancer patients
may be AT heterozygotes. ATM heterozygosity, therefore, potentially accounts
for a greater proportion of breast cancer cases than BRCA1, which accounts
for an estimated 3 % of all U.S. breast cancer cases diagnosed by 80 years
(10). In our study, 11 of 142 early onset breast cancer cases diagnosed in
western Washington have single amino acid variants in ATM. Missense
mutations can disrupt ATM functions and cause disease. Further analysis will
be necessary to confirm whether a single ATM missense mutant confers
susceptibility to breast cancer, but the results up to now are suggestive, based
on position of the putative mutations within highly conserved regions, or
previous sighting of the mutation in AT patients. Because of the relatively high
frequency of AT carriers in the general population, it is important to identify
them, as they may be predisposed to breast cancer and hypersensitive to
standard therapeutic doses of radiation.
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Table 1. ATM primers used to amplify genomic DNA

Exon Primer sequence 5' to 3' Product Anneal
size, bp temp. OC

Exon 4F CCTCTTTCTCTCTATATATGC 160 58
Exon 4R AATAATGGGTTACTAATCACA 58
Exon 5.1 F GATTAGTAACCCATTATTATTC 210 56
Exon 5R CAACAGAAATAAATATGAAAGAG 58
Exon 6.1 F GATGGCATGAACAGCTTTTG 280 58
Exon 6R CTCACGCGACAGTAATCTG 58
Exon 7F TAGTTGCCATTCCAAGTGTC 288 58
Exon 7R TGAAGTTTCATTTCATGAGG 58
Exon 8F TTTTTCTGTATGGGATTATGGA 327 58
Exon 8R CATGGTCTTGCAAGATC 58
Exon 9F CCCCCTGTTATACCCAGTT 318 58
Exon 9R TGAAGAAGCAAATTCAAAACAG 58
Exon 1 OF TTTGTGGGGAGCTAGCAGTG 262 58
Exon 10.1 R TCTAAATGTGACATGACCTAC 58
Exon 11.1F GGCTCAAAAAAAAAAAAAAG 265 58
Exon 11 R ACAAGAGATTAAAATGACACT 58
Exon 12F GTTTGTTAAT'GTGATGGAATA 467 58
Exon 12R GTGTGTTTATCTGTAAGTCAG 58
Exon 1 3F ATAAAGTCTTTGCCCCTCCA 320 58
Exon 1 3R AAATAAGTGGAGAGAGCCTG 58
Exon 14F GGCTTTTGGTCTTCTAAGTG 192 58
Exon 14R ATCTTTGTAATTAAAGCTATAGC 58
Exon 1 5F GTAGTCTTTGAATGATGTAGA 377 56
Exon 15SR CTATTTCTCCTTCCTAACAGT 58
Exon 16.2F GTTCTTACAAAAGATAGAGTATAC 329 62
Exon 16.2R TTCACAGGAATACATTTCATTC 56
Exon 17.2F GTCCAAGATCAAAGTACACTG 314 60
Exon 17.2R GTGACAGAGAAAGATCCTATC 60
Exon 1 8F ATATTGGCCCTAATAGTAAAC 292 54
Exon 1 8.2R CCTTATTTACAAAGATATTTCAAC 60
Exon 1 9F AATTGCTGAGATTACAGATGT 352 56
Exon 19.1 R GGCTCTTATACTGCCAAATCA 60
Exon 20.2F TATATATGGCTGTTGTGCCC 314 58
Exon 20R TACATTTAGTCAGCAACATCA 56
Exon 21F CCGGCCTATGTTTATATACTT 225 58
Exon 21 R TTAACAGAACACATCAGTTAT 54
Exon 22.2F AACTGATGTGTTCTGTTAAGC 274 58
Exon 22R CTTGCATTCGTATCCACAGAT 60
Exon 23F TTAGCACAGAAAGACATATTG 259 56
Exon 23R AATTACTCATTAACAAACAAA 50
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Exon 24F GCAGTCTTTGTTTGTTAATGA 274 56
Exon 24R CTATGTAAGACATTCTACTGC 58
Exon 25F GTTTGTTTGCTTGCTTGTTT* 203 54
Exon 25R ATTTATGGGATATTCATAGC* 52
Exon 26F TGGAGTTCAGTTGGGATTTTA* 304 58
Exon 26R TTCACAGTGACCTAAGGAAGC* 62
Exon 27F GTTGTTTCTAGGTCCTACTCT 333 60
Exon 27R GACTTGCTAAGTATTGTTAAC 56
Exon 28F TGATACTTTAATGCTGATGGT 409 56
Exon 28R GGTTATATCTCATATCATTCA 54
Exon 29F TCCTCTTAGTCTACAGGTTG 257 58
Exon 29R GACATTGAAGGTGTCAACCA 58
Exon 30F TGGAAGTTCACTGGTCTATG 283 58
Exon 30R TACTTTTCCTCTTTAAGATGTAT 58
Exon 31 F TTTATTGTAGCCGAGTATCTAA 318 58
Exon 31 R AAACAGGAAGAACAGGATAGA 58
Exon 32F TGCTGAACCAAAGGACTTCT 334 58
Exon 32R CACTCAAATCCTTCTAACAATA 58
Exon 33F CAGTAAGTTTTGTTGGCTTAC 315 58
Exon 33R CTGCTAGAGCATTACAGATTT 58
Exon 34F TGTCTATAAATGGCACTTAACT 311 58
Exon 34R CCAAGAGCAAGACTTTGCAAA 58
Exon 3SF TAGAAGTTTTCTAGTCAGATAAT 255 58
Exon 35R AATCTGTCCTATATGTGATCC 58
Exon 36F CTTGAAGTACAGAAAAACAGC 336 58
Exon 36R GTATCATTCTCCATGAATGTC 58
Exon 37F TGGAGGTTAACATTCATCAAG 287 58
Exon 37R ATTTAACAGTCATGACCCACA 58
Exon 38F GGAAAGGTACAATGATTTCCA 312 58
Exon 38R ATGTGCAGTATCACAGCACT 58
Exon 39F GTATGTTGAGTTTATGGCAGA 376 58
Exon 39R ATCCATCTTTCTCTAGAACTG 58
Exon 40F ACCAGAACCTTATAGCATAGT 247 58
Exon 40R TTCAGCCGATAGTIAACAAGT 58
Exon 41 F TAAGCAGTCACTACCATTGTA 314 58
Exon 41 R ATACCCTTATTGAGACAATGC 58
Exon 42F GTATATGTATTCAGGAGCTTC 238 58
Exon 42R ATGGCATCTGTACAGTGTCT 58
Exon 43F CAGAACTGTATTTCAGAATCAT 387 58
Exon 43R ACATAACTCCTTCATAAACAGT 58
Exon 44F CCAAAGCTATTTTCACAATCTT 262 58
Exon 44R TACTGAAATAACCTCAGCACT 58
Exon 4SF CTCTGGTTTTCTGTTGATATC 236 58
Exon 45R CCCCATGAAGAATCAAGTC 58
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Exon 46F TTTATACATGTATATCTTAGGGTTCTG 220 58
Exon 46R TTCAGAAAAGAAGCCATGACA 58
Exon 47F TATTTCCCTGAAAACCTCTTC 233 58
Exon 47R CACTATTGGTAACAGAAAAGC 58
Exon 48F TCATTTCTCTTGCTTACATGAA 314 58
Exon 48R AAAGGAAAGTCAAGAGGTAAG 58
Exon 49F ATGGTAGTTGGTGCTTTGATT 365 58
Exon 49R TTACTAATTTCAAGGCTCTAATA 58
Exon 5OF AGTTGGGTACAGTCATGGTA 230 58
Exon 5OR GAAAAGATGAAGCATATTCATG 58
Exon 51 F TTTGAGTGATTCTTTAGATGTAT 352 58
Exon 51 R AACAACTCACTCAGTTAACTG 58
Exon 52F TGTGTGATTTTGTAGTTCTGTT 340 58
Exon 52R ACATCAAGGGGCTTATGTCT 58
Exon 53F ACTTACTTGCTTAGATGTGAG 282 58
Exon 53R CCATTTCTTAGAGGGAATGG 58
Exon 54F CACTGCAGTATCTAGACAGT 322 58
Exon 54R CTAGGAAAGACTGAATATCAC 58
Exon 5SF AATGTTGGGTAGTTCCTTATG 308 58
Exon 55R GCTTTTGGATTACGTTTGTGA 58
Exon 56F TGACTATTCCTGCTTGACCT 253 58
Exon 56R TTTCACCAATTIIGACCTACAT 58
Exon 57F TAACCACTATCACATCGTCAT 385 58
Exon 57R CTTCCTCATTTGTAAGTATTCA 58
Exon 58F CCTTTGCTATTCTCAGATGACTCTGT 290 58
Exon 58R GCATTATGAATATGGGCATGA 58
Exon 59F GATCATCAAATGCTCTTTAATG 286 58
Exon 59R TATCTGACAGCTGTCAGCTT 58
Exon 60 F GTGTATATTAGTTTAATTGAACAC 279 58
Exon 60R AACCTGCCAAACAACAAAGTG 58
Exon 61 F TAGAAAGAGATGGAATCAGTG 317 58
Exon 61 R ATCTTGGTAGGCAAACAACAT 58
Exon 62F AAAGTTCACATTCTAACTGGAA 272 58
Exon 62R ATTACAGGTGCAAAGAACCAT 58
Exon 63F GATAAAGATACGTTGTTGACAACATTGG 199 58
Exon 63R GTGACTTCCTGATGAGATACACAG 58
Exon 64F CTGGTTCTACTGTTTCTAAGT 298 58
Exon 64R GTTTCAGTGAGGTGAACAGT 58
Exon 6SF TCCTGTTGTCAGTTTTTCAGA 354 58
Exon 65R ACTTAAAGTATGTTGGCAGGT 58

*Exon 25 and 26 primer sequences are taken from Vorechovsky et aI.(24).
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Table 2. Putative ATM Missense Mutations and Rare Variants

Exona Nucleotide Codon Frequency in Frequency in

changeb'c change' breast cancer controlse

casese

A. Putative ATM Missense Mutations

8 609C>A 203D>E 1/284 0/226

15 2119T>C 707S>P 6/284 1/284

30 4158C>T 1383S>L 1/284 0/222

54 IVS54+8A>G -- 1/284 0/226

62 8734A>G 2912R>G 1/284 0/224

65 9031A>G 3011M>V 1/284 0/226

B. ATM rare variants

7 370A>G 1241>V 1/284 0/218

7 IVS7+18T>C -- 1/284 0218

12 1541G>A 514G>E 1/284 1/224

16 IVS16+22A>C, -- 2/284 0/164

IVS16+34A>C

19 2572T>C 858F>L 3/284 6/215

20 IVS19-17G>T -- 0/284 1/220

20 2805G>C 935T>T 1/284 0/220

25 IVS25+32delCAT -- 1/284 0/218

32 4742C>T 1526P>P 20/204 7/164

36 5071A>C 1691S>R 2/284 0/228

39 5558A>T 1853D>V 2/284 3/366

41 5793T>C 1931A>A 1/284 1/162

43 6088A>G 20301>V 1/284 1/226

49 6919C>T 2307L>F 1/284 0/164

50 6988C>G 2330L>V 1/284 0/226

62 IVS62+8A>C -- 4/284 4/224
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aExons are numbered in accordance with Uziel et al. (19).

bNucleotide numbering is based on the sequence reported by Savitsky et al. (17) (GenBank

accession number U33841) in which position 1 is the first nucleotide of the start codon, and

putative mutations and variants are named in accordance with the convention of Beaudet and

Tsui (25), modified by Antonarakis (http://ariel.ucs.unimelb.edu.au:80/-cotton/antonara.htm)

cIVS refers to introns and nucleotides therein are numbered such that the splice acceptor AG is

numbered -2,-1 and the splice donor GT is numbered +1,+2.

dThe first methionine in the open reading frame is at position 1.

eNumber of occurrences of the less frequent allele/total number of chromosomes screened.
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Table 3. ATM exons compatible with multiplex SSCP analysis.

ATM Exons grouped for quadruplex or triplex analysis:

5, 10, 38,65

8,29,61,44

19,26, 11,6

51,31,55

36, 18,42

33, 17, 56, 50*

49, 48, 30, 47

32, 35, 40, 4

14, 45, 52

24, 27, 53, 63

12,15,13,63

28, 59, 58*, 25

57, 54, 21

41, 22,46

7, 9, 64*

PCR product was weak in the multiplex reaction.
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A. controls
exon

2-7 2-12 18 20 36 42

exon -

"20.<'-

MIDE gel without glycerol
controls

B. exon
2718 20 36 42

exon
36 I 7 /

exon

iDE gel 5% glycerol

Figure 1. SSCP analysis of a panel of early-onset breast cancer cases for ATM variants:
comparison between A., MDE gel without glycerol and B., MDE with 5%glycerol. Arrows point to
the variant band in exon 36 for patient 2-7 and the variant band in exon 20 for patient 2-12. The
exon 36 variant is more readily detected in the 5% glycerol gel, while the exon 20 variant is more
readily detected in the non-glycerol gel. Exon 18 overlaps with exon 20, but does not amplify
well in the multiplex reaction. Exon 18 contains a common polymorphism that is represented by
a slight shift in the lower band of the SSCP analysis.
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exon 15

exonl2M

Figure 2. ATM exon 15 mutation 2119T>C, Ser707Pro, in
early-onset breast cancer cases. SSCP analysis on MDE with
5% glycerol. Arrows indicate the variant bands corresponding
to ATM 2119 C alleles. Exon 12M, which shows no variants on
this panel, refers to ATM 1338-1607 and flanking nucleotides.
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2-11 2-25

exon 32

exon 37

exon 30 i;a:

exon 4

exon 61

MDE gel with 5% glycerol

Figure 3. SSCP Analysis of a panel of early-onset breast cancer cases for ATM variants:
putative missense mutation in exon 30 for patient 2-11. The arrow points to the exon 30 variant.
The SSCP for exon 32 shows the presence of a common polymorphism. Exon 4 also contains a
common polymorphism.
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A B
C 609C>A, 0o
u_ 203Asp>Glu

r IVS7+18T>C

exon 8 exon 7 Abý "Few

C 0

LL 9031A>G,
SMet>V al

e 6 exon 16

* 4,,

IVS16+22A>C,
IVS16+34A>C

Figure 4. Novel ATM variants in early-onset breast cancer cases. SSCP analyes on
MDE matrices with 5% glycerol detects single base substitutions in the genomic DNA of
breast cancer cases in 4A, B, and C, while 4D shows the band shift caused by a 2 base
substitution. None of these variants appeared in controls.
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